Calcineurin B-like protein (CBL), the Ca 2+ sensor, and its interacting protein kinases (CIPKs) play essential roles in plants' response to stress. However, few studies have focused on the functions of CIPKs in low-temperature response. In the present study, BdCIPK31, a cold-responsive CIPK in Brachypodium distachyon, was found to participate in low-temperature response. Ectopic expression of BdCIPK31 conferred cold tolerance in transgenic tobaccos. Further analyses indicated that expression of BdCIPK31 improved ROS detoxication and omsoprotectant biosynthesis in transgenic plants under low-temperature treatment, suggesting that the BdCIPK31 functions positively in plant adaption to the cold-induced oxidative and osmotic stresses. Moreover, BdCIPK31 could upregulate the expressions of some representative stress-related genes under cold stress. In conclusion, these findings suggest that BdCIPK31 functions positively in plant cold response.
Introduction
Low temperature can seriously constrain the growth and development of most temperate plants [1] . Cold stress inhibits the nutrient and water uptake, disrupts cellular metabolism, and causes dysfunction of plants [1, 2] . Plants adapt to low-temperature stress through a complex mechanism including signal perception, transduction, and response [3] . The fluidity of the plasma membrane can be easily affected by the environmental temperature, and the plants can perceive the low-temperature signal by sensing the changes of membrane rigidification [4] . As a ubiquitous messenger molecule, Ca 2+ plays an important role in the signal transduction of cold stress [5] . The cold-induced membrane rigidification can activate the membrane Ca 2+ transporters, leading to the spatial and temporal changes of intracellular Ca 2+ level, which are defined as Ca 2+ signatures [6] [7] [8] .
In the Ca 2+ signal pathway, Ca 2+ sensor proteins perceive the changes of intracellular Ca 2+ level and then transduce the signal to Ca 2+ responders [9] . The calmodulins (CaMs), Ca 2+ -dependent protein kinases (CDPKs), calcineurin B-like proteins (CBLs), and CBLinteracting protein kinases (CIPKs) are the main Ca 2+ sensor and responder proteins in plant Ca 2+ signal pathway [8, 10] . As a unique signal network in plants, the CBL-CIPK network plays essential role in plant Ca 2+ signaling [11, 12] .
The CIPK proteins include a kinase domain, a regulatory domain, and a junction domain between the two domains [13] . In Ca 2+ signal pathway, the CIPKs receive the Ca 2+ signal by interacting with the CBLs that binds to Ca 2+ , and this interaction can activate the phosphorylation activity of CIPKs [13, 14] . Till now, CIPKs have been identified in different species such as Arabidopsis, rice, maize, poplar, canola, and wheat [15] [16] [17] [18] [19] .
Although previous studies have suggested that the CIPKs are involved in plant growth [20] [21] [22] and nutrient uptake [18, 23] , most studies have focused on the abiotic stress tolerance functions of CIPKs. The Arabidopsis salt overly sensitive (SOS) pathway is the first studied CBL-CIPK network. The membrane localized AtCBL4 (SOS3) interacts with and activates the AtCIPK24 (SOS2) under salt stress, and then the AtCBL4-AtCIPK24 complex activates the AtNHX7 (SOS1), which extrudes excess Na + from the roots [12, 24, 25] . The similar SOS pathway is also characterized in other plant species [26] [27] [28] . CIPKs also function in other stress responses of plants. Atcipk3 mutant displays reduced osmotic stress tolerance [29] . Atcipk23 mutant shows reduced leaf transpiration and enhanced drought tolerance [23] . Expression of canola BnCIPK6 gene confers low-K + tolerance in Arabidopsis [18] . However, the function of CIPKs in low-temperature response has not been fully identified. Expression analyses showed that only three of 33 OsCIPKs in rice responded to cold treatment, and only one of them has been functionally characterized [30] . Brachypodium distachyon, a new model plant of Pooideae subfamily, possesses 31 CIPK genes in its genome [31] . In a previous study, we isolated the BdCIPK31 gene which responds to drought and salt stress [32] . In this study, we found that the transcripts of BdCIPK31 were also responsive to cold treatment, and the function of BdCIPK31 in cold response was investigated by ectopic expression of BdCIPK31 in tobaccos. The transgenic tobaccos showed enhanced cold tolerance, and the cold-tolerant function of BdCIPK31 has been explored at physiological and transcriptional level.
Materials and Methods

Plant growth and treatment
Brachypodium distachyon inbred line Bd21 was grown in Petri dishes at 25°C under 16 h/8 h light/dark cycle. Ten-day-old B. distachyon seedlings were placed in a 4°C growth chamber under normal light condition for cold treatment. The leaves of these treated seedlings were detached at the indicated time points and subject to RNA preparation.
RNA preparation and gene cloning
The leaves were ground into fine powder in liquid nitrogen. The RNA extraction was performed by using RNAprep pure plant kit (TIANGEN, Beijing, China). The reverse-transcript PCR was performed by using FastQuant RT kit (TIANGEN). The BdCIPK31 gene was cloned by using PrimeStar DNA polymerase (TaKaRa, Dalian, China) with a coding sequence (CDS) specific primer containing BglII/SpeI restriction sites (Primer P1; Table 1 ).
Gene expression analysis
The quantitative reverse-transcript PCR (qRT-PCR) was performed by using AceQ qPCR Mix (Vazyme, Nanjing, China) with a CFX96 TM Real-time Detection System (Bio-Rad, Hercules, USA).
The β-actin gene in B. distachyon and ubiquitin gene in Nicotiana tabacum were chosen as internal control genes, respectively. All the gene-specific primers used in expression analyses were listed in Table 1 . The data analysis was performed according to Livak method [33] .
Generation and cold treatment of the transgenic tobaccos
The coding sequence of BdCIPK31 (GenBank accession No. XM_003562376) was subcloned into the pCambia 1303 plasmid. The Agrobacterium-mediated transformation was used to generate the transgenic tobaccos as previously reported [34] . The positive transformants were screened out by using 20 μg/ml hygromycin and verified by RT-PCR. The expression of BdCIPK31 gene in different transgenic lines was detected by qRT-PCR. Three homozygote lines in T 2 generation were selected to be used in this study. The seeds of different tobacco lines were sterilized and sown on the 1/2 Murashige and Skoog (MS) medium at 28°C and 14 h/10 h light/dark cycle. Two-week-old seedlings were planted in soil and grown at 28°C and 16 h/8 h light/dark cycle. Four-week-old plants in soil were placed in a 4°C growth chamber under normal light condition for low-temperature treatment.
3,3′-diaminobenzidine and nitroblue tetrazolium staining assays
Leaves were detached from different tobacco lines after 7 days of cold treatment, and incubated in 3,3′-diaminobenzidine (DAB) (1 mg/ml, pH3.8) or nitroblue tetrazolium (NBT) (0.5 mg/ml, pH7.0) solution under 25°C, respectively. After 12 h of incubation in the dark, these leaves were immersed in the decoloring solution (ethanol:acetic acid: glycerol, 3:1:1) and boiled for 15 min to remove the background color.
Determination of malondialdehyde and ion leakage levels
The malondialdehyde (MDA) content was measured by 2-thiobarbituric acid method [35] . For ion leakage (IL) measurement, leaves were sliced and incubated in 10 ml deionized water overnight, and the conductivity (C1) of the water was recorded by using a conductivity meter (DDBJ-350, Shanghai, China). After that, these leaves were boiled for 15 min, and then the conductivity (C2) was measured after cooling. The IL (%) = (C1/C2) × 100%.
Determination of enzyme activities, antioxidants contents, and osmoprotectant contents
One-month-old tobacco plants were grown in 4°C for 7 days and the leaves from these plants were obtained as experimental materials. The activities of catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), glutathione S-transferase (GST), the ascorbic acid content, and the proline content were measured by using corresponding reagent kits (Jiancheng, Nanjing, China). The measurement of soluble sugar content was performed by using anthrone colorimetric method according to Kong et al. [36] . The measurement of anthocyanin content was performed by using HCl-methanol method according to Cui et al. [37] .
Statistical analysis
All the data obtained in this study were analyzed by SPSS software (Chicago, USA). Results are expressed as the mean ± SEM. P < 0.05 was considered to be statistically significant.
Results
Expression of BdCIPK31 gene was downregulated by cold stress
Ten-day-old B. distachyon seedlings were placed in a 4°C growth chamber for low-temperature treatment, and the expression pattern of BdCIPK31 gene was examined. The transcript level of BdCIPK31 gene was obviously down-regulated 1 h after treatment, then recovered to 80% at 6 h. After longer time exposure (>24 h) to low-temperature environment, the transcript level was slightly recovered 36 h after treatment, and then down-regulated again (20%) at 48 h (Fig. 1) . This result indicated that the transcript level of BdCIPK31 was decreased by low temperature.
Ectopic expression of BdCIPK31 improved cold stress tolerance in transgenic tobaccos
In our previous study, transgenic tobacco plants expressing BdCIPK31 under control of a CaMV 35 S promoter were generated [32] . One-month-old tobacco plants were subject to cold treatment, and all the tested plants displayed wilting ( Fig. 2A ) when exposed to low temperature for 7 weeks. However, the constitutive expression of BdCIPK31 gene (OE) in tobacco showed significantly better status than the control plants (Fig. 2) . All the tobacco plants were recovered under normal temperature after cold treatment. Over 80% of the wild-type (WT) plants and 70% of the vector control (VC) plants died after 7-day-recovering, whereas over 50% of the OE plants survived (Fig. 2B) . These results indicated that the BdCIPK31 could improve plant tolerance to low-temperature stress.
Ectopic expression of BdCIPK31 improved antioxidative capability of transgenic tobaccos under cold stress As important stress signal molecules, reactive oxygen species (ROS) are generated in large amounts under stress conditions including cold stress [38] . On the other hand, over-production of ROS can bring oxidative damage to the cell [39] . In the present study, DAB and NBT staining assays were used to detect the ROS accumulation (Fig. 3B) .
Since accumulation of ROS can lead to membrane oxidation, whether BdCIPK31 affects the membrane damage caused by ROS accumulation was further investigated. Leaves were detached from tobacco plants after being treated at 4°C for 7 days. The IL and MDA levels in these leaves were examined to measure the degree of membrane injury. After cold treatment, the IL levels of OE tobaccos were~35% lower than those of the controls (Fig. 3C) , and the MDA contents in the OE tobaccos were also at least 25% lower than those in the controls (Fig. 3D) . These findings indicated that BdCIPK31 could alleviate the membrane damage which was brought by cold stress.
The antioxidative system, including ROS-scavenging enzymes and antioxidants, detoxicates the excess ROS in plants. In the current study, CAT, POD, SOD, and GST were selected as representative ROS-scavenging enzymes. The activities of these enzymes were examined after cold treatment. The results showed that the CAT activity of OE plants was constitutively higher than that of the control plants (Fig. 4A) , and the activities of the POD, SOD, and GST were also higher in the OE plants than those in controls after cold treatment (Fig. 4C-G) . Additionally, BdCIPK31 was found to elevate the transcripts of these ROS-scavenging enzyme genes as well. As shown in Fig 4B-H , the transcripts of NtCAT1, NtPOX2, NtSOD, and NtGST were obviously higher in the OE plants than those in the control plants after cold treatment.
Besides ROS-scavenging enzymes, antioxidants also function in plant resistance to oxidative damage. The contents of anthocyanin and ascorbic acid in tobacco leaves were determined after lowtemperature treatment. The results showed that the OE lines accumulated more anthocyanin and ascorbic acid than the controls under cold stress condition (Fig. 4I,K) . Furthermore, the BdCIPK31 also affected antioxidant synthesis and function at the transcription level. The expressions of NtDFR, a tobacco dihydroflavonol 4-reductase gene and NtAPX, an ascorbate peroxidase gene, were more significantly elevated in the OE plants than in the control plants under cold stress (Fig. 4J,L) . Meanwhile, the expressions of the ROS generator genes NtRbohD and NtRbohF were found to be down-regulated by BdCIPK31 ectopic expression (Fig. 4M,N) . The above results suggested that the overexpression of BdCIPK31 could enhance ROS-scavenging ability of the tobacco plants.
Ectopic expression of BdCIPK31 improved osmolytes biosynthesis in transgenic tobaccos under cold stress
Low-temperature stress can lead to osmotic stress like other abiotic stresses such as dehydration or salt stress [40] . Since osmolytes function in balancing cellular osmotic pressure, the biosynthesis of osmolytes plays an important role in plant tolerant to lowtemperature stress. The contents of proline and soluble sugar in the tobacco leaves were determined after cold treatment. The results showed that the OE plants retained more proline and soluble sugar than the controls did after cold treatment (Fig. 5A,C) , indicating that BdCIPK31 could enhance plant osmolytes biosynthesis under low temperature. Meanwhile, it was also found that BdCIPK31 affected some genes for osmolytes biosynthesis at transcription level. The data were shown as the mean ± SEM (n > 3) from three independent replicates. Asterisks indicate the significance of difference relative to the controls (*P < 0.05, **P < 0.01). The control plants exhibited lower transcripts of tobacco △ 1 -pyrroline-5-carboxylate synthase gene NtP5CS1 and sucrose synthase gene NtSUS1 than the OE plants after cold treatment (Fig. 5B,D) . In addition, NtADC1 and NtSAMDC1, two key genes in the process of polyamine biosynthesis, were also elevated by the BdCIPK31 expression under the same condition (Fig. 5E,F) . These findings suggest that BdCIPK31 may improve polyamine biosynthesis together with proline and sugar synthesis in plants under cold stress.
Ectopic expression of BdCIPK31 improved transcripts of stress-related genes in transgenic tobaccos under cold stress
To further explore the regulation mechanism of BdCIPK31 at transcription level, the transcripts of some representative stress-related genes were examined under cold stress condition. The stress-responsive transcript factors NtABF1, NtABF2, NtRD26, and NtDREB3 together with defensive proteins NtERD10C, NtERD10D, NtLEA5, and TobLTP1 in tobacco plants were examined before and after cold treatment. The qRT-PCR analyses showed that the transcripts of NtRD26 were at least 2-fold higher in OE tobaccos than in the control tobaccos under cold treatment (Fig. 6A) , and the transcripts of NtDREB3 was almost 3-fold higher in transgenic tobaccos than in the controls under the same condition (Fig. 6B) . Meanwhile, the expression of NtABF1 showed no difference between the lines, and the NtABF2 transcript was even lower in BdCIPK31 ectopic expressing tobaccos (Fig. 6C,D) . The OE tobaccos also showed significantly higher transcripts of stress-defense genes such as NtERD10C, NtERD10D, NtLEA5, TobLTP1, than the controls after cold treatment (Fig. 6E-H) . These findings suggest that ectopic expression of BdCIPK31 may regulate low-temperature stress resistance at transcription level.
Discussion
The stress-responsive regulation mechanism of plants includes a series of transcriptional, physiological, and biochemical adjustment processes. The calcium signal pathway has been demonstrated to be involved in the abiotic stress signal transduction [8] . As an essential member of the calcium signal pathway, CBL-CIPK network takes part in plant adaption to various environmental stresses including low-temperature stress [9, [41] [42] [43] [44] [45] [46] . In a previous study, we demonstrated that BdCIPK31, a CIPK gene from B. distachyum, functions positively in plant response to drought and high salinity [32] . Since the drought/salt stress and cold stress leads to the same secondary stress such as oxidative and osmotic stresses, we wonder whether BdCIPK31 functions in cold stress response. In the current study, the expression of BdCIPK31 gene was found to respond to cold treatment (Fig. 1) , and ectopic expression of BdCIPK31 gene caused enhanced cold tolerance in transgenic tobaccos (Fig. 2) , indicating that BdCIPK31 functions positively in cold response of plants.
During the cold stress signal transduction process, ROS signal serves as a secondary signal, triggering a series of stress responses [47] . The increase of ROS is essential for plant cold tolerance [48] . However, since the ROS possess oxidative activity, abnormally accumulated ROS become toxic to the cell after signal generation, leading to membrane injury, enzyme activity disruption, and nucleic acid impairment [1, 39] . In this study, using qualitative and quantitative analyses on the ROS content, we found that the tobacco lines ectopically expressing BdCIPK31 accumulated less ROS than the controls did after cold treatment (Fig. 3) . Additionally, two typical ROS generator genes, NtRbohD and NtRbohF, which encoded respiratory burst oxidase homologs in tobacco, were selected to be determined at the transcript level. The results indicated that the BdCIPK31 could inhibit the up-regulation of the NtRbohD and NtRbohF transcripts under cold stress condition (Fig. 4M,N) . Furthermore, the OE tobaccos also accumulated less MDA and showed lower IL levels than the control tobaccos (Fig. 3C,D) . Since MDA is the product of membrane lipid peroxidation and membrane injury, causing cellular IL, these results suggested that the OE plants suffered milder damage from ROS accumulation.
Plant ROS-detoxication system functions in scavenging excess ROS and modulates the intracellular ROS content to a proper level [49] . It has been demonstrated previously that the enhancement of the ROS-detoxication system could significantly benefit the plants to survive from low temperature. Overexpression of TaCIPK14 from wheat enhanced the activities of CAT, POD and SOD, and conferred enhanced cold tolerance in transgenic tobacco [44] . Transgenic eggplants overexpressing AtCBF3 or AtCOR15A from Arabidopsis showed improved activities of CAT and POD under cold treatment, together with enhanced cold tolerance [50] . Overexpression of CcCDR from C. cajan improved the CAT and SOD activities under cold treatment, helped transgenic Arabidopsis to survive from cold stress [51] . In the present study, ectopic expression of BdCIPK31 gene in transgenic tobacco plants was found to enhance the activities of CAT, POD, SOD, and GST under low-temperature treatment (Fig. 4A-G) . The non-enzymatic antioxidants also play significant roles in ROS-detoxication [39] . The anthocyanin and ascorbic acid have been demonstrated to possess ROS-scavenging activities [52, 53] . In this study, the OE lines showed higher contents of anthocyanin and ascorbic acid in low-temperature environment than the control lines did (Fig. 4J,L) . Moreover, BdCIPK31 affected the ROSdetoxication system at the transcript level. The transcripts of NtCAT1, NtPOX2, NtSOD, NtGST, NtDFR, and NtAPX were more obviously elevated by BdCIPK31 expression under cold treatment (Fig. 4B-L) . These results suggested that the BdCIPK31 serves as an important regulator in maintaining intracellular ROS homeostasis of plants under low temperature. Cold stress disrupts water uptake and intracellular water metabolism of plants, leading to imbalance of the cellular osmotic pressure [54] . Therefore, the adjustment of the cellular osmotic pressure has become an important part of the plant cold acclimation [1] . Plants synthesize osmoprotectants to cope with osmotic stress caused by low temperature. Proline, soluble sugar, and polyamine are common osmoprotectants that function in balancing osmotic pressure [55] . The involvement of CIPKs in the regulation of osmoprotectants accumulation under abiotic stress conditions has been reported previously [18, 44, 56] . In this study, constitutive expression of BdCIPK31 enhanced the biosynthesis of proline and soluble sugar in the transgenic tobaccos under cold stress (Fig. 5A,C) . In addition, the transcripts of proline biosynthesis-related gene NtP5CS1 and soluble sugar biosynthesis-related gene NtSUS1 were also elevated by BdCIPK31 expression at the same time (Fig. 5B,D) . The transcripts of the polyamine biosynthesis-related genes, NtADC1 and NtSAMDC1, were also elevated by the BdCIPK31 expression (Fig. 5E,F) . These results suggested that BdCIPK31 enhanced the plants' ability to balance the cellular osmotic pressure under low temperature by promoting the synthesis of the osmoprotectants.
Low temperature can induce extensive alteration of the gene transcription in plants [1] . The transcriptional regulation of abiotic Data are shown as the mean ± SEM (n > 3) from three independent replicates. Asterisks indicate the significance of difference relative to the controls (*P < 0.05, **P < 0.01).
stress signal transduction can be divided into ABA-dependent and ABA-independent pathways [57] . The transcription factors play key roles in the cold stress signal transduction [2] , and the stress-defense proteins are targets of the signal transduction process [58, 59] . In the present study, two ABRE-binding factors, NtABF1 and NtABF2, a stress-responsive NAC transcription factor NtRD26, and an AP2/ DREB transcription factor NtDREB3 in transgenic tobaccos were selected to be detected at the transcript level [60] . The results indicated that ectopic expression of BdCIPK31 positively affected the transcripts of NtRD26 and NtDREB3 under low temperature (Fig. 6A,B) . Furthermore, the expression of NtABF1 showed no significant difference between OE and control lines (Fig. 6C) , and the NtABF2 expression was even down-regulated by BdCIPK31 (Fig. 6D) . In a previous study, we found that BdCIPK31 could elevate the transcripts of all these four transcription factor genes under drought and salt conditions [32] , suggesting that the transcriptional regulation mechanism of BdCIPK31 in low-temperature response was different from that in the drought/salt stress response. The transcripts of Group 2 LEA protein genes NtERD10C/D, Group 5 LEA protein gene NtLEA5, and lipid transfer protein gene TobLTP1 were also examined under the same condition, and the results showed that the stress-defense genes were elevated in the OE tobaccos when compared with those in the controls (Fig. 6E-H) . The above findings suggest that BdCIPK31 participates in the stressresponsive transcriptional regulation through both ABA-dependent and ABA-independent pathways.
Overall, BdCIPK31 is a cold-responsive CIPK which contributes to the cold tolerance in plants. Ectopic expression of BdCIPK31 enhances the ROS-detoxification system and osmoprotectants biosynthesis in plants under low temperature. Furthermore, BdCIPK31 also participates in cold stress-responsive transcriptional regulation. Our results suggest that BdCIPK31 is a positive regulator in the plant adaptation to low temperature.
